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Pore sizePlasma membrane permeabilization by saponin and anticancer avicins was studied using light dispersion
measurements, since high correlation between light dispersion changes and hemolysis has been
demonstrated. Nevertheless, we observed that rat red blood cell swelling in moderately hypotonic media
was accompanied by up to 20% decrease of light dispersion, when hemolysis was not yet detectable. Avicin G
and avicin D were signiﬁcantly more efﬁcient than saponin in inducing cytotoxicity in PC3 human prostate
cancer cells. We found that the preincubation of avicins with the plasma membrane, but not with the
cytosolic fraction of previously lysed red blood cells, completely protected fresh cells against permeabiliza-
tion. The data suggest that the plasma membrane can tightly bind the avicins, but not the saponin. Using the
“osmotic protection”method with 100 mOsm PEGs of increasing molecular weight in isotonic media, the size
of the pores generated by avicin G and avicin D in the plasma membrane was estimated to be higher than the
hydrodynamic radius of PEG-8000. The obtained results indicate that the anticancer activity of avicin G and
avicin D could be related, at least partially, to their high ability to permeabilize biological membranes. These
data might represent interest for possible applications of these anticancer drugs in vivo.Ciencias, Universidad Nacional
ia, América Sur. Tel.: +1 57
).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Cellular plasma membrane permeabilization by various factors is
usually studied using red blood cells (RBCs); these cells may be easily
isolated and naturally contain only plasmamembrane. Themeasure of
released hemoglobin [1–5], its detection by the relatively sensitive
Drabkin's method [6,7], or the estimation of the activity of released
lactate dehydrogenase [8] has been used for decades as criteria of
membrane permeabilization.
Usually, hemolysis results from RBC swelling due to the formation
of pores [9,10] or channels [11 and references therein] in the plasma
membrane. Hemolysis can also be caused by direct membrane
disintegration under detergent [12] or ultrasonic [13] treatments.
One limitation of the measurement of released hemoglobin is that it
does not allow the monitoring of earlier stages of cell swelling
preceding hemolysis. The recording of light dispersion (turbidity) of
RBC suspensions [13–17] is an alternative experimental approach for
the study of membrane permeabilization.
Linear correlation between hemolysis and turbidity reduction has
been observed for gradually sonicated RBCs [13], suggesting thatturbidity measurements might be useful for rapid screening of
hemolytic activity of other permeabilizing factors. Saponin, for
example, was frequently used as a classical permeabilizing agent
due to its ability to form pores in cell plasma membrane [18,19] and
artiﬁcial lipid membranes [19].
Recently, we demonstrated a signiﬁcant discrepancy in the
measured size of pores formed in the plasma membrane of saponin-
treated RBCs, as estimated by light dispersion versus hemolysis
methods, using polyethylene glycols (PEGs) as osmotic protectants
[20]. This disagreement was attributed to the phenomenon of
hemoglobin precipitation by high molecular weight PEGs leading to
underestimation of the actual pore size, especially at high concentra-
tions of PEGs. Applying this hemolysis–PEGs methodology, it was
established earlier that the size of pores formed by avicin G, a natural
anticancer triterpenoid saponin from the Acacia victoriae [21], was
close to the hydrodynamic radius of PEG-1200 [22]. This value is likely
to be an underestimation, because avicin G permeabilized the outer
mitochondrial membrane to cytochrome c [23,24] without high
amplitude swelling of mitochondria [23].
The objective of the present work was to compare the plasma
membrane permeabilization by hypotonic treatments, saponin and
anticancer avicins. A high correlation between light dispersion changes
and hemolysis was observed for hypotonically treated RBCs. On the
other hand, rat RBC swelling in moderately hypotonic media was
accompanied by up to 20% decrease of light dispersion without
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demonstrated to be signiﬁcantlymoreefﬁcient than saponin in inducing
cytotoxicity in PC3 human prostate cancer cells. Furthermore, we found
that the preincubation of avicins with the plasma membrane, but not
with the cytosolic fraction of previously lysed RBCs, completely
protected fresh cells against permeabilization, indicating that the
plasma membrane might tightly bind the avicins, but not the saponin.
The radius of the pores generated by avicin G and avicin D in the plasma
membrane, as estimated by the light dispersion technique in the
presence of PEGs of increasing size, was found to be signiﬁcantly higher
than the hydrodynamic radius of PEG-8000 and signiﬁcantly higher
than the earlier reported size [22]. These new results are consistentwith
the capacity of both avicins to directly permeabilize the outer
mitochondrial membrane to cytochrome c [23,24]. The data suggest
that the plasma membrane permeabilization might also be involved in
the mechanism of cell toxicity of anticancer triterpenoid saponins.
2. Materials and methods
2.1. Materials
Avicin G and avicin D were obtained from ground seed pods of A.
victoriae as described earlier [25]. Glucose, EDTA, Triton X-100, Tris–
HCl, NaCl and other chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Saponin was purchased from FLUKA
BioChemika (Product # 47036). All chemicals were of analytical grade.
2.2. Estimation of cancer cell viability in the presence of avicins and
saponin
PC3 cells (human prostate cancer cell line) were grown in
Dulbecco's modiﬁed Eagle's medium (DMEM) containing 10% fetal
bovine serum (FBS) in a humidiﬁed incubator containing 5% CO2 at
37 °C. To evaluate cell viability, PC3 cells were plated at 8000 cells per
well in 96-well plates. After allowing the cells to adhere overnight, the
cells were treatedwith 0–20 µg/ml of avicin D, avicin G, or saponin for
72 h. At the end of the treatment, cell viability was assessed using the
crystal violet assay.
2.3. Isolation of red blood cells
RBCs were obtained as described in Ref. [5] with slight modiﬁca-
tions [20]. Approximately 5 ml of human, rat (Sprague–Dawley), or
pig blood was diluted in 20 ml of medium composed of 120 mMNaCl,
10 mM EDTA, 5 mM sodium citrate, and 5 mM Tris–HCl, pH 7.4, and
centrifuged at 3000 rpm for 10 min (Jouan centrifuge RM1812). The
pellet was washed twice by gentle resuspension in 20 ml of 150 mM
NaCl, 5 mM Tris–HCl, pH 7.4, and subsequent centrifugation at
3000 rpm for 10 min. The ﬁnal pellet was resuspended in the same
medium supplemented with 10 mM glucose to the ﬁnal hematocrit of
20%. Cell suspension was stored at 4–5 °C and used within 2 days.
2.4. Light dispersion measurements
The light dispersion of RBC suspension was registered as apparent
absorbance [26] at 640 nm (A640) using the spectrophotometer
Spectronic (Genesys 2) [20]. The cuvette holder of the spectropho-
tometer was slightly modiﬁed to ﬁt 1.2 ml samples. Cell suspension
was constantly stirred at room temperature.
2.5. Hypotonic treatment of red blood cells
RBCs were incubated in the media composed of 0–150 mM NaCl
and 5 mM Tris–HCl, pH 7.4, at the ﬁnal hematocrit of 0.17%. The
apparent absorbance A640 of cell suspension was determined after
3 min of incubation, just before the evaluation of hemolysis.2.6. Treatment of red blood cells by saponin, avicin G, and avicin D
RBCs were added to 1.2 ml of isotonic medium composed of
150 mM NaCl, 5 mM Tris–HCl, pH 7.4, to the ﬁnal hematocrit of 0.17%
before the addition of 5–15 µg/ml saponin, 2.5–5 µg/ml avicin G, or
10 µg/ml avicin D. The time course of A640 change of RBC suspension
was recorded before the evaluation of hemolysis.
2.7. Separation of cytosolic and membrane fractions of red blood cells
RBCs were hypotonically lysed by dilution of 20% hematocrit RBC
suspension in bidistilled water to the ﬁnal hematocrit of 0.34%. After
15 min of incubation, the sample was centrifuged at 13,000×g for 1 h
at 4 °C. The supernatant was mixed with 300 mM NaCl, 10 mM Tris–
HCl, pH 7.4, in a 1-to-1 proportion, thus obtaining the hypotonic
cytosolic fraction corresponding to the ﬁnal 0.17% hematocrit
equivalent. The pellet was resuspended in 150 mM NaCl, 10 mM
Tris–HCl, pH 7.4, to the ﬁnal 0.17% hematocrit equivalent, obtaining
the hypotonic membrane fraction.
2.8. Hemoglobin isolation
RBCs were hypotonically lysed by 100-fold dilution of 20%
hematocrit suspension in bidistilled water. After 15 min of incubation,
the sample was centrifuged at 13,000×g for 1 h at 4 °C. Polyethylene
glycol 4000 was added to the obtained supernatant to the ﬁnal
concentration of 55 mM in order to induce hemoglobin precipitation
[20] during subsequent 15-min incubation. Then, the sample was
centrifuged at 13,000×g for 5 min at 4 °C and the hemoglobin pellet
was dissolved in 150 mM NaCl and 5 mM Tris–HCl, pH 7.4, obtaining
hemoglobin-rich solution of the ﬁnal 20% hematocrit equivalent.
2.9. Hemolysis assay
Control or treated RBC suspensions were centrifuged at 13,000×g
for 2 min at 15 °C and the concentration of hemoglobin in the
supernatant was monitored on the basis of the difference in light
absorbance at 540 nm and 640 nm, A540–640. The complete hemolysis,
considered as 100%, was obtained by addition of Triton X-100 to the
ﬁnal concentration of 0.01% [27].
2.10. Estimation of the size of pores formed by avicin G and avicin D in
the plasma membrane
The size of pores formed by avicin G and avicin D in the plasma
membrane of rat RBC was estimated using “osmotic protection”
method based on PEGs of increasing size. RBCs (0.17% ﬁnal
hematocrit) were added to isotonic medium composed of 150 mM
NaCl and 5 mM Tris–HCl, pH 7.4, or to the iso-osmotic media
composed of 100 mM NaCl, 5 mM Tris–HCl, pH 7.4, and 100 mOsm
PEG. The oncotic pressure of different molecular weight PEGs was
calculated according to earlier systematized data [28]. Avicin G (5 μg/
ml) or avicin D (10 μg/ml) was added to themedium before RBCs. The
extent of RBC permeabilization was evaluated by the measurement of
the slope in A640 decrease of the cell suspension using the
spectrophotometer Spectronic (Genesys 2).
3. Results
3.1. Hemolysis and light dispersion of red blood cells under hypotonic
treatments
The measurement of released hemoglobin and light dispersion of
RBC suspension are two alternative experimental approaches to study
plasma membrane permeabilization by various physical and chemical
factors. The apparent absorbance at wavelengths higher than 600 nm
1191M. Arias et al. / Biochimica et Biophysica Acta 1798 (2010) 1189–1196for RBC suspension is due to the light dispersion related to the
difference in the refractive indices of the cytoplasm and the
incubation medium, and it is not affected by the hemoglobin light
absorbance. This apparent absorbance essentially decreased in
hypotonic media as a result of the cell swelling, and dropped to
almost zero after the plasma membrane rupture.
The data in Fig. 1 demonstrate the dependence of A640 (curves a)
and hemolysis (curves b) on the concentration of NaCl in 5 mM Tris–
HCl, pH 7.4, for rat (Fig. 1A), human (Fig. 1B), and pig (Fig. 1C) RBCs.
Statistically signiﬁcant change in A640 was observed for rat RBCs under
moderate hypotonic conditions, in the range of 85–150 mM NaCl
(Fig. 1A, a, after the arrow), that was not accompanied by hemolysis
(Fig. 1A, b, after the arrow). These results indicate that a certainFig. 1. Light dispersion changes (a) and hemolysis (b) of red blood cells of rat (A), human (B
media of 0–150 mMNaCl, 5 mMTris–HCl, pH 7.4, for 3 min. Hemolysis was determined as A5
cell suspension. The data were normalized to the hemolysis obtained in 5 mM Tris–HCl, pH 7
pH 7.4. The results are the means ± SEM; n=7, n=8 and n=9 for panels A, B, and C, resp
presented in the inset ﬁgures.degree of rat RBC swelling, up to 20% decrease in A640, was not
sufﬁcient to induce plasma membrane rupture. Less obvious differ-
ence in A640 and hemolysis behaviors was observed for human RBCs
for the same osmotic range (Fig. 1B). Pig RBCs demonstrated higher
osmotic fragility, as revealed by almost identical curves for A640
decrease and hemolysis increase (Fig. 1C).
Stronger hypotonic treatments caused further decrease in the light
dispersion of RBC suspension accompanied by hemolysis (Fig. 1). An
almost complete hemolysis was observed at concentrations of NaCl
less than 50 mM for rat (Fig. 1A) and human (Fig. 1B) RBCs, and less
than 70 mMNaCl for pig RBCs (Fig. 1C). At concentrations of NaCl less
than those marked by the arrows in Fig. 1, a high correlation between
hemolysis and apparent absorbance decrease (ΔA640) was observed), and pig (C) under hypotonic treatments. RBCs (0.17% hematocrit) were incubated in
40–640 of supernatants. Light dispersion wasmeasured as an apparent absorbance A640 of
.4, and to A640 for RBC suspension in isotonic medium of 150 mM NaCl, 5 mM Tris–HCl,
ectively. Correlation between the change in light dispersion (a) and hemolysis (b) are
Fig. 2. Light dispersion changes (A, B) and hemolysis (C) of red blood cells induced by
saponin treatments. (A) Light dispersion (apparent absorbance A640) changes induced
by saponin at ﬁnal concentrations of 5 (a), 7.5 (b), 10 (c) and 15 µg/ml (d), or by 0.01%
Triton X-100 (e) added to rat RBC suspension (0.17% hematocrit) in isotonic medium of
150 mM NaCl, 5 mM Tris–HCl, pH 7.4. (B) Percentage of decrease in the apparent
absorbance A640 of RBC suspension after 1-min (a) and 5-min (b) incubations, and
percentage of decrease in the slope of A640 changes (c), induced by saponin and showed
in panel A (the slope for 15 µg/ml saponin was taken as 100%). (C) Hemolysis
percentage based on supernatant A540–640 changes after 1-min (a), 5-min (b), and 30-
min (c) incubations of rat RBCs with saponin. The hemolysis caused by 0.01% Triton X-
100 was taken as 100%. The results are the means ± SEM, n=5.
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RBCs, with correlation factors r2N0.98. The critical point of hypotonic
cell swelling, at which hemolysis began, was different for rat, human,
and pig RBCs, according to the regression line interceptions with the
vertical axis (indicated by the arrows in Fig. 1 insets). The rat RBCs
exhibited the greatest A640 decrease prior to the initiation of
hemolysis, indicating that a signiﬁcant increase in cell volume might
precede hemolysis (Fig. 1A inset).
3.2. Hemolysis and light dispersion of red blood cells under saponin
treatment
Hemolysis has been usually employed as an indicator of plasma
membrane permeabilization by various permeabilizing factors [9,29].
Here, we studied hemolysis and light dispersion changes of rat RBCs
caused by various concentrations of saponin. The light dispersion was
almost unchanged during 8-min incubation of RBCs with 5 µg/ml
saponin (Fig. 2A, a), whereas a fast (2–3 min) decrease in A640 was
observed in the presence of 15 µg/ml saponin (Fig. 2A, d), to almost a
zero level registered in the control with 0.01% Triton X-100 (Fig. 2A,
e). Intermediate results were obtained in the presence of 7.5 µg/ml
(Fig. 2A, b) and 10 µg/ml saponin (Fig. 2A, c).
Incubation of RBCs with the mentioned concentrations of saponin
for 1 min (Fig. 2A) was insufﬁcient to cause a signiﬁcant change in
A640 (Fig. 2B, a) or to induce hemolysis (Fig. 2C, a), but a dose-
dependent decrease in A640 (Fig. 2B, b) and an increase in hemolysis
(Fig. 2C, b) were observed after 5-min saponin treatment. The best
dose dependence relationship was revealed in the percentage of A640
slope (Fig. 2B, c). For this slope analysis, the slope observed at 15 µg/
ml concentration of saponin was considered as 100% (Fig. 2A, d). The
incubation of RBCs for 30 min with saponin resulted in complete
hemolysis at concentrations of 10 and 15 µg/ml and in a dose-
dependent effect for the range of 5–10 µg/ml saponin concentrations
(Fig. 2C, c).
3.3. Viability of cancer cells treated with saponins
Triterpenoid saponins avicin G and avicin D puriﬁed from the
ground seed pods of A. victoriae have been shown to induce
cytotoxicity in tumor cells, with minimal effects on normal untrans-
formed cells [21,22,24,25]. To study the effect of saponin, avicin G, and
avicin D on the viability of PC3 human prostate cancer cells, we used
the crystal violet inclusion test (Fig. 3). Crystal violet dye stains viable
cells, but not lysed cells. The obtained data demonstrate that both
avicin G and avicin D are more potent inducers of cytotoxicity than
saponin, avicin G being the most potent of the three (Fig. 3). Further
studies therefore included only avicin G and saponin to compare their
membrane permeabilizing activities.
3.4. Membrane sequestration of avicin G strongly decreases its further
permeabilizing activity
The capacity of avicin G to permeabilize mitochondrial and plasma
membranes [22–24] was considered as essential part of the
mechanism of its anticancer activity [23,24]. On the other hand,
binding of this drug with the plasma membrane might decrease its
effective concentration in the cytoplasm. In this study, we modeled
such a situation by the addition of RBCs to the suspension of RBCs,
which were previously lysed by avicin G or by the addition of RBCs to
the medium with avicin G preincubated with the fraction of isolated
plasma membrane. Similar experiments were done using saponin.
These experiments allowed estimation, whether the ﬁrst interaction
“cell-saponins”, or “membrane-saponins”, decreases the permeabiliz-
ing activity of these compounds towards subsequently added fresh
portion of RBCs.As shown in Fig. 4, new portion of RBCs, added to the completely
lysed RBCs in the presence of 15 μg/ml saponin, were permeabilized
at a signiﬁcantly lower rate than the ﬁrst addition RBCs, according to
the slopes in the light dispersion changes (Fig. 4, a). The second rate
was only slightly higher than that observed when a single portion of
RBCs was added to incubation medium with a half concentration of
saponin (Fig. 4, b). On the other hand, it was almost the same as the
permeabilization rate observed for a single portion of RBCs added to
Fig. 3. Viability of PC3 human prostate cancer cells treated by avicin G, avicin D, or
saponin. Cells were treated with 0–20 µg/ml of avicin G (Av. G), avicin D (Av. D), or
saponin for 72 h. At the end of the treatment, cell viability was assessed using the
crystal violet assay. The data are the means ± SD, n=3.
Fig. 4. Inﬂuence of the previously lysed cells, or their membrane and cytosolic fractions,
on the permeabilization of red blood cells by saponin. The apparent absorbance (A640)
was used as criterion of cell permeabilization with 15 µg/ml saponin (a, c–e) or with
7.5 µg/ml saponin (b). Fresh rat RBCs were added to (a) the RBCs previously lysed with
15 µg/ml saponin, (c) the membrane fraction of hypotonically lysed RBCs, (d) the
cytosolic fraction of hypotonically lysed RBCs, and (e) the solution of isolated
hemoglobin. The ﬁrst and second additions of RBCs were made to the ﬁnal hematocrit
of 0.17%, and the hemoglobin and all the RBC fractions were used in an equivalent of
0.17% hematocrit in isotonic medium of 150 mM NaCl, 5 mM Tris–HCl, pH 7.4. The
numbers at traces are the slopes (ΔA640/min), the means ± SEM, n=8.
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membrane fraction in 0.17% hematocrit equivalent (Fig. 4, c). In
similar experiments, the hypotonic cytosolic fraction (Fig. 4, d) or
isolated hemoglobin (Fig. 4, e), both in the same 0.17% equivalent,
were ineffective to decrease RBC permeabilization induced by 15 μg/
ml saponin.
The permeabilizing activity of 5 μg/ml avicin G (Fig. 5, a) wasmore
than two times higher than that of 15 μg/ml saponin (Fig. 4, a),
pb0.05. Surprisingly, the ﬁrst addition RBCs (Fig. 5, a), or the
hypotonic membrane fraction of RBCs (Fig. 5, c), completely
prevented permeabilizing activity of 5 μg/ml avicin G with respect
to the second addition RBCs. In comparison, avicin G even at its half
concentration (2.5 μg/ml) was able to permeabilize the initially added
RBCs with a relative slope of 0.69±0.22 in A640 decrease (Fig. 5, b),
which was 64% less than the slope of 1.90±0.29 determined for 5 μg/
ml avicin G (Fig. 5, a). RBC permeabilization with 5 μg/ml avicin Gwas
inhibited by 36–37% when avicin G was preincubated for 4 min in
isotonic medium contained hypotonic cytosolic fraction (Fig. 5, d) or
isolated hemoglobin (Fig. 5, e), both added in the equivalent of 0.17%
hematocrit. These data indicate that avicin G binding to the plasma
membrane might strongly inhibit its further permeabilizing activity.
The membrane binding effect was signiﬁcantly higher in the
experiments with avicin G (Fig. 5, c) than with saponin (Fig. 4, c),
with pb0.05 between corresponding slopes.Fig. 5. Inﬂuence of the previously lysed cells, or their membrane and cytosolic fractions
on the permeabilization of red blood cells by avicin G. The apparent absorbance (A640)
was used as criterion of cell permeabilization with 5 µg/ml avicin G (a, c–e), or with
2.5 µg/ml avicin G (b). Fresh rat RBCs were added to (a) the RBCs previously lysed with
5 µg/ml avicin G, (c) the membrane fraction of hypotonically lysed RBCs, (d) the
cytosolic fraction of hypotonically lysed RBCs, and (e) the solution of isolated
hemoglobin. The ﬁrst and second additions of RBCs were made to the ﬁnal hematocrit
of 0.17%, and the hemoglobin and all the RBC fractions were used in an equivalent of
0.17% hematocrit in isotonic medium of 150 mM NaCl, 5 mM Tris–HCl, pH 7.4. The
numbers at traces are the slopes (ΔA640/min), the means ± SEM, n=8 (a–e).
Fig. 7. Effects of PEGs on the slope of light dispersion decrease of red blood cell
suspension (A) and on the lag period of the plasma membrane permeabilization (B) in
the presence of avicin G and avicin D. (A) The data from Figs. 6 and 8 for the slopes in
the light dispersion decrease, induced by 5 µg/ml avicin G and 10 µg/ml avicin D,
respectively, were normalized to the initial level of A640, marked as A640, in Fig. 6.
(B) The lag period (Tp) of the plasma membrane permeabilization was measured, as
indicated in Fig. 6, on the basis of the curves shown in Figs. 6 and 8. The data are the
means ± SEM, n=4–6.
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plasma membrane of red blood cells
Estimation of the size of pores formed by avicins in plasma
membrane of RBCs might clarify the mechanism of action of these
anticancer agents. Although the radius of pores formed by avicin G
was previously estimated to be 1.1 nm [22], here we reevaluated it,
paying particular attention to the osmotic protection technique used
for this purpose. The 100 mOsm concentration of PEGs, determined
according to the data of Pfeiffer et al. [28], in isotonic media, was used
to prevent hemoglobin precipitation by high molecular weight PEGs
[20]. As shown in Fig. 6, avicin G (5 μg/ml) caused a fast drop in A640 of
RBC suspension in isotonic salt medium, with the slope equal to 1.86±
0.15 ΔA640/min. Essentially lower slopes (by 33–40%) of the avicin
G-induced decrease in A640 were observed in media with PEGs of
molecular weight of 1000–8000, with no statistically signiﬁcant
difference between PEG-1000 and even PEG-8000 data (by 33% and
34%, respectively) (Fig. 7A). In addition, the lag period prior to the
initiation of RBC permeabilization by avicin G, marked as Tp in
Fig. 6, was signiﬁcantly longer in PEG-containing media than in the
control (Fig. 7B). Interestingly, no subsequent increase in A640 was
observed after the RBC permeabilization in media containing
100 mOsm PEGs (Fig. 6), in contrast to those observed for media
with 300 or 150 mOsm PEGs of high molecular weight [20].
Avicin D (10 μg/ml) caused RBC permeabilization (Fig. 8) with the
slope in A640 decrease equal to 2.12±0.13 (ΔA640/min), similar to
that observed for 5 μg/ml avicin G (Fig. 6). The second batch of RBCs,
added to the medium containing previously lysed (by avicin D) RBCs,
did not undergo hemolysis (Fig. 8, control). Like with avicin G (Fig. 5,
c), RBC permeabilization by avicin D was also completely prevented
by the hypotonic membrane fraction of RBCs (data not shown).
The A640 slopes for RBC permeabilization by avicin D in the media
with PEGs (Fig. 8) were lower by only 15–17% in comparison with the
control (Fig. 7A). No statistically signiﬁcant difference in the extent of
RBC permeabilization by avicin D was observed for media with PEGs
of various molecular weights (Fig. 7). On the other hand, Tp wasFig. 6. Effects of PEGs on the permeabilization of red blood cells by avicin G. Rat RBCs
(0.17% hematocrit) were added to isotonic medium composed of 150 mM NaCl, 5 mM
Tris–HCl, pH 7.4 (control), or to media composed of 100 mM NaCl, 5 mM Tris–HCl, pH
7.4, and 100 mOsm PEGs of various molecular weights after the addition of 5 µg/ml
avicin G. Light dispersion change was recorded as A640.markedly increased in PEG-containing media, similar to that observed
for avicin G permeabilization (Fig. 7B).
4. Discussion
The plasma membrane permeabilization of RBCs by various
physical and chemical factors is usually studied by measuring the
released hemoglobin and/or light dispersion of cell suspension.
Sigmoid dependence of hemolysis versus osmotic pressure of
incubation medium has been observed previously [29,30]. Linear
correlation between hemolysis and light dispersion decrease has been
observed for the gradual sonication of RBCs [13]. However, it is not
evident that the same relationship should be observed under the
action of other factors, such as hypotonic or chemical agent
treatments.
In this study, we observed statistically signiﬁcant decrease in light
dispersion by rat RBCs in moderately hypotonic conditions that was
not accompanied by hemolysis (Fig. 1A). These results indicate that a
certain degree of rat RBC swelling, which caused up to 20% decrease in
A640, was not sufﬁcient to induce plasma membrane rupture. In
contrast, pig RBCs demonstrated higher hypoosmotic fragility,
revealed in almost identical curves of A640 decrease and hemolysis
(Fig. 1C), similar to those observed for RBCs from New Zealand white
rabbits [1]. The observed higher osmotic resistance of human RBCs
(Fig. 1B) in comparison with pig RBCs (Fig. 1C) was also in agreement
with the previous study [29], which might be related to fatty acid and
phospholipid composition of the plasma membrane [31–34] or to the
mechanical properties of the membrane cytoskeleton [35].
Stronger hypotonic treatments caused a further decrease in light
dispersion of RBC suspension, which was accompanied by hemolysis
Fig. 8. Effects of PEGs on the permeabilization of red blood cells by avicin D. Rat RBCs
(0.17% hematocrit) were added to isotonic medium composed of 150 mM NaCl, 5 mM
Tris–HCl, pH 7.4 (control), or to media composed of 100 mM NaCl, 5 mM Tris–HCl, pH
7.4, and 100 mOsm PEGs of various molecular weights after the addition of 10 µg/ml
avicin D. The light dispersion change was recorded as A640.
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absorbance decrease (ΔA640) was observed for all three RBC species. A
linear correlation between the inverse value of optical density of cell
suspension and the packed volume of sedimented RBCs has been
reported by Yang and Kamino [17], as well as between the inverse
values of optical density and the osmotic pressure of incubationmedia
in the range of 200–400 mOsm. No hemolysis data were presented in
the mentioned work. On the other hand, our observations (Fig. 1) are
consistent with the results of Young et al. [36], which demonstrated a
linear correlation between the percentage of hemolysis and the
turbidity reduction for RBC suspension. The authors concluded that
the absorbance changes at 690 nm in 96-well plates may be used for
both rapid screening and quantitation of the hemolytic activity of
various factors.
Here we used the light dispersion method to evaluate RBC
permeabilization by saponins. Saponins are known to form pores in
biological and artiﬁcial membranes [18,19,22] and possess many
biological activities such as hemolytic, antiviral, fungicidal, antimi-
crobial, cytotoxic, proapoptotic, and antitumoral [37,38 and refer-
ences therein]. It has been suggested that many of saponin effects
might be related to their interaction with biomembranes [22–
24,38,39]. Studying plasmamembrane permeabilization by the purest
commercially available saponin, used in the concentration range of 5–
15 µg/ml, we found a dose-dependent decrease in A640 of rat RBC
suspension following a 5-min saponin treatment (Fig. 2). A high
correlation was observed between hemolysis and A640 decrease
(r2=0.98) or the slope in A640 decrease (r2=0.90).
Hypotonic hemolysis is known to result from the formation of
transient resealing holes in the plasmamembrane during cell swelling
[40]. In contrast, saponin was shown to alter membrane structure andto affect the interaction between transmembrane proteins and the
cytoskeleton, ﬁnally leading to the formation of stable unsealed large
pores in the plasma membrane, which are permeable to macro-
molecules [39,40]. The pore size, signiﬁcantly larger than the
hydrodynamic size of PEG-4000, has been also determined applying
the light dispersion technique using PEGs as osmotic protectants to
study RBC permeabilization with saponin [20]. With this respect, the
size of pores formed by triterpenoid saponin avicin G, determined on
the basis of hemolysis data using iso-osmotic concentrations of PEGs
[22], was smaller than the hydrodynamic radius of PEG-1500. This
discrepancy in the size of pores determined for saponin [20] and
avicin G [22] treatments motivated us to further study the RBC
permeabilization with saponin in comparison with avicin G. Avicin G
was chosen because it demonstrated a higher cytotoxic activity than
avicin D on PC3 human prostate cancer cells (Fig. 3).
We observed that RBCs lysed with 15 μg/ml saponin decreased
further permeabilizing activity of saponin towards the second
addition RBCs (Fig. 4, a). If we consider that the total saponin was
freely distributed between the two additions of RBCs, only half of its
quantity should be responsible of the permeabilization of the second
addition RBCs. The second slope in this case (Fig. 4, a) was statistically
higher (pb0.05) than the slope in A640 decrease when a single portion
of RBCs was incubated with a half concentration of saponin, 7.5 μg/ml
(Fig. 4, b), and similar to that observed when RBCs were added to
15 μg/ml saponin preincubated with the hypotonic membrane
fraction (Fig. 4, c). Thus the plasma membrane might bind a certain
portion of saponin, thus leading to a decrease of its effective
concentration, in accordance with the observation that RBCs rapidly
removed saponin from the hemolysing buffer [41].
The capacity of RBC plasmamembrane to bind avicin G seems to be
even higher (Fig. 5), because the lysed RBCs in the mediumwith 5 μg/
ml avicin G completely prevented the lyses of the second addition
RBCs in the same sample (Fig. 5, a), as well as the hypotonic
membrane fraction completely prevented the lyses of the single
addition RBCs (Fig. 5, c). On the other hand, a half concentration of
avicin G (2.5 μg/ml) demonstrated a relatively high permeabilizing
activity (Fig. 5, b).
The radius of pores formed by avicin G in plasma membrane of
RBCs was previously estimated to be 1.1 nm, when the “osmotic
protection” method with iso-osmotic concentrations of PEGs of
increasing size was used in combination with hemolysis measure-
ments [22]. This value was equal to that determined for the pores
formed by avicin G in planar lipid membrane [22]. However, the pore
size determined on the basis of hemolysis should be strongly
underestimated due to the phenomenon of hemoglobin precipitation
by relatively high iso-osmotic concentrations of high molecular
weight PEGs that might be confused with osmotic protection of
RBCs, as reported earlier [20]. In addition, the radius of 1.1 nm is
signiﬁcantly lower than the pore size determined by electron
microscopy for the action of various saponins [18,19].
Using “osmotic protection” method with 100 mOsm PEGs in
isotonic media, we observed that permeabilization of RBCs induced
by 5 μg/ml avicin G (Fig. 6) was protected by less than 50% even in the
presence of PEG-8000 (Fig. 7). It means that the size of pores induced
by avicin G is higher than the hydrodynamic radius of PEG-8000. For
comparison, the presence of 30 mM PEG-2000 (88 mOsm approxi-
mately) in isotonic medium was enough to completely prevent RBC
permeabilization by the peptide BTM-P1 [27].
On the other hand, protective effect of PEGs in the experiments
with avicin G did almost not depend on the molecular weight of PEG
in the range of 1000–8000 (Fig. 6). In addition, all of these PEGs
strongly delayed the process of RBC permeabilization (Tp in Fig. 7). It
means that the observed osmotic protection might be rather due to
the high hydrogen bonding capacity of PEGs, as recently reported by
Hao et al. [42], which could also result in binding of avicin G by PEGs,
thus decreasing its effective concentration.
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the osmotic protection by PEGs was even lower than in the case of
avicin G (Fig. 7). According to the structures of avicins [22], one
radical, R=H, in avicin G is replaced by the radical R=OH in avicin D
that might affect avicin interactions with PEGs and the membrane.
The protection by PEG-8000 of avicin D-induced permeabilizationwas
only 16% (Fig. 7), thus indicating that the size of pores should be
signiﬁcantly higher than the hydrodynamic radius of PEG-8000. Thus
it is very probable that the size of the plasmamembrane pores formed
by both avicin G and avicin D is sufﬁciently high for cytochrome c to
penetrate through these pores, in concordance with the earlier
observed permeabilization of the outer mitochondrial membrane to
this hemoprotein by avicin G and avicin D [23].
5. Conclusions
The light dispersion technique was applied instead of or in
addition to hemolysis estimation to study plasma membrane
permeabilization of RBCs by avicins and saponin. Avicin G and avicin
D, anticancer triterpenoid saponins, were more than one order of
magnitude more potent than saponin in inducing cytotoxicity in PC3
human prostate cancer cells. The new ﬁnding of strong inhibition of
the permeabilizing activity of avicins, due to their sequestration by
the plasma membrane, in contrast to saponin, could have practical in
vivo applications on bioavailability of avicins for solid tumors. Using
the light dispersion method in combination with the PEG “osmotic
protection” method, we showed that the size of pores formed by
avicin G and avicin D in the plasma membrane is larger than the
hydrodynamic radius of PEG-8000. These data support our previous
hypothesis that outer mitochondrial membrane permeabilization to
cytochrome c could be a possible mechanism underlying avicin-
induced apoptosis of tumor cells [21,23,24]. We propose that the
plasma membrane permeabilization might be a signiﬁcant feature of
the cell toxicity of anticancer triterpenoid saponins.
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